Monitoring the progression of HIV infection to full-blown acquired immune deficiency syndrome (AIDS) and assessing responses to treatment will benefit greatly from the identification of novel biological markers especially since existing clinical indicators of disease are not infallible. Nuclear magnetic resonance spectroscopy (NMR) and mass spectrometry (MS) are powerful methodologies used in metabonomic analyses for an approximation of HIV-induced changes to the phenotype of an infected individual. Although early in its application to HIV/AIDS, (biofluid) metabonomics has already identified metabolic pathways influenced by both HIV and/or its treatment. To date, biofluid NMR and MS data show that the virus and highly active antiretroviral treatment (HAART) mainly influence carbohydrate and lipid metabolism, suggesting that infected individuals are susceptible to very specific metabolic complications. A number of well-defined biofluid metabonomic studies clearly distinguished HIV negative, positive and treatment experienced patient profiles from one another. While many of the virus or treatment affected metabolites have been identified, the metabonomics measurements were mostly qualitative. The identities of the molecules were not always validated neither were the statistical models used to distinguish between groups. Assigning particular metabolic changes to specific drug regimens using metabonomics also remains to be done. Studies exist where identified metabolites have been linked to various disease states suggesting great potential for the use of metabonomics in disease prognostics. This review therefore examines the field of metabonomics in the context of HIV/AIDS, comments on metabolites routinely detected as being affected by the pathogen or treatment, explains what existing data suggest and makes recommendations on future research.
Introduction
The hallmark of HIV infection is immunodeficiency. In addition, the lentivirus also causes metabolic changes in the host. The advent of a combination of three or four drugs referred to as HAART has shown success in decreasing the mortality rate and prolonging the life span and quality of life of HIV infected individuals. 2, 3 Long-term use of HAART is however associated with metabolic disorders such as diabetes 4 atherosclerosis, 5 lipodystrophy 6 and cardiovascular disease. 7 At present CD4 counts and viral load are the standard clinical parameters for guiding the management of HIV infection. CD4 counts are however subject to laboratory and physiological variation making it an inconsistent variable to use. 8 In resource limited settings, viral load assays are either unavailable or excluded because of expense. These kinds of problems necessitate the search for additional tools for detecting and monitoring HIV and HAART-induced changes.
Reliable biomarkers (indicators of normal biological processes, pathogenic processes, or responses to therapeutic interventions, fully defined in Kanekar et al. 58 ) that can be linked to HIV infection and/or the use of HAART should provide further insight into mechanisms of HIV infection, disease progression, the response to therapy and overall management of the disease. Standard methodologies for diagnosis or prognosis of metabolic complications or for obtaining metabolic profiles include routine biochemical colorimetric assays. These are neither sensitive nor very specific, may be subject to interference and are focused on measuring one analyte at a time. Many times these methods are also really laborious to perform. Screening more than one molecule at a time using highly sensitive analytical instrumentation may be more advantageous for obtaining a holistic view of HIV and HAART induced metabolic changes. This can be achieved through the application of metabonomics, which is the study of metabolites (low molecular weight molecules detectable, primarily by NMR and MS and also Infra-Red and Raman spectroscopy) and how these molecules are altered by various stimuli. Although genomic and proteomic methods have been used to measure the responses of living systems to external factors, 9 these approaches fail to provide phenotypic information which metabonomic analysis is able to do. The terminologies metabonomics and metabolomics are often used interchangeably because they differ more in practice than in definition. The goal of metabolomics is generally to characterize and quantify low molecular weight metabolites from cells, tissues and/or biofluids under specific conditions. 3, 10 Metabonomics on the other hand measures the global, dynamic changes in metabolic profiles of a biological system in response to disease, drugs, etc. 3, 10 For the purpose of this review, metabonomics is used to mean detecting metabolites or profiles affected by HIV/AIDS and/or its treatment. This article first sets the stage by confirming metabolic changes as a consequence of HIV infection, virus induced immune deficiency and/or HAART with acknowledgement that the largest amount of existing knowledge about HIV/AIDS related metabolic abnormalities was collected by conventional biochemical methodologies. NMR and MS-based HIV/AIDS biofluid metabonomics is reviewed next, and the most prominent pathways affected by HIV (as deduced through metabonomic data) are presented along with suggestions for future research endeavours. Commentary is also provided on the link between metabolites and disease progression.
HIV-and HAART-associated metabolic changes (as detected by conventional methodologies)
Owing to HIV infection, immune responses to the virus and/or the administration of HAART, metabolic modifications are an expected outcome in the infected individual. Since more than one metabolic change can be induced by the aforementioned factors, the term metabolic syndrome has been coined to refer to several of these separate but interconnected changes. [11] [12] [13] HIVinduced metabolic changes were recognized during the early stages of AIDS research, before the implementation of HAART and were shown to be prevalent in asymptomatic individuals with ''normal'' weight and CD4 counts. 1,2,11,14 A key risk factor found to be associated with the development of the metabolic syndrome during HIV infection was viral load. 11 In the studies of Hommes et al. 1 as well as that of Lane and Provost-Craig 15 clinically stable HIV positive individuals were shown, through calorimetric experiments, to have higher rates of resting energy expenditure. This is in keeping with the high energy demands of infected cells. These individuals also had high fat oxidation rates which led the authors to speculate that the greater amount of energy lost versus that taken in would make the infected individual prone to catabolic processes. Similar studies are referenced by Salas-Salvadó and García-Lorda 16 and also reflect high resting energy expenditure.
Subsequent to the work of Hommes et al.; 1 Pascal et al. 17 through the use of positron emission tomography and magnetic resonance imaging showed increased cerebral metabolic rates for glucose in the brains of asymptomatic HIV positive patients. By doing this study, the authors demonstrated metabolic alterations in the brain before structural changes became visible. Detections such as these provide metabolic information linked to patient health and could serve as a guide for the implementation of corrective therapy prior to the development of clinical symptoms. Key metabolic defects caused by HIV also include its ability to induce malnutrition, 18 disrupt the functioning of the mitochondria, 19, 20 induce changes in body composition, fat distribution, changes in lipid, carbohydrate and protein metabolism. 14, 16 Changes in body composition are largely attributed to an increase in the catabolic state of the host. 13 Other metabolic changes include; changes in calcium metabolism resulting in metabolic bone disease and drug toxicity resulting in liver disease. An article by Safrin and Grunfeld 21 summarises and compares some basic HIV-induced metabolic changes which are a direct consequence of chronic HIV infection and the associated immune responses. 11, 17 HAART comprises a combination of two nucleoside reverse transcriptase inhibitors (NRTIs) combined with either a nonnucleoside reverse transcriptase inhibitor (NNRTI), or a protease inhibitor (PI). 22 Since the introduction of antiretroviral treatment (ART), many patients have reported adverse metabolic and anthropometric abnormalities; of which subcutaneous fat wasting, insulin resistance, hyperlipidemia and abdominal obesity have caused the most distress. 4 The publications of several case reports over the years have described a clinical entity under the name lipodystrophy syndrome. Lipodystrophy is associated with an increase in free fatty acid content, triglyceride metabolism and low density lipoprotein (LDL) cholesterol and is subdivided/ characterized under the terms lipoatrophy (fat wasting) and hyperlipidaemia (visceral fat accumulation). Lipoatrophy in particular is said to be caused by the apoptosis of peripheral adipocytes, which occurs secondary to mitochondrial toxicity and may also be due to the interference of two NRTIs [namely stavudine and azidothymidine] with mitochondrial deoxyribonucleic acid (mtDNA) polymerase-g. 23, 24 Interestingly, an ACTG A5142 study found that a combination of stavudine or zidovudine with efavirenz presented the highest risk of lipoatrophy. 25 These findings, amongst others, led to the removal of stavudine as a first-line therapy drug in developed countries. 26 Mitochondrial disorders when induced by HIV infection are associated with insulin resistance (IR) and dyslipidemia. IR is among the first metabolic complications reported in HIV/ HAART patients 22, 27 and is associated with inflammation and the development of type-2 diabetes mellitus. 22 30 showed that long-term use of PI-inhibitors was significantly associated with the presence of metabolic syndrome in a group of infected Taiwanese patients. The development of insulin resistance in healthy volunteers exposed to PIs (indinavir and amprenavir) has also been reported. 31 The relationship between exact drug regimens and specific metabolic problems has been shown using conventional biochemical assays and has yet to be investigated and confirmed using metabonomic approaches.
HIV induced immune system disorders are mirrored in metabolic changes to be the key regulators of the immune system (adaptive and innate) have been implicated in the regulation of bodily energy metabolism through acting on adipose tissue, and the energy needs of immune system cells are addressed by glucose and lipids as primary fuel sources. 73 where glucose is converted to pyruvate and the released energy is used to form ATP. HIV infection as well as the therapeutics used to treat it disrupt glucose/carbohydrate metabolism. 37 There exists an association between elevated urinary adipic and suberic acids as well as diabetes 66 and glutaric aciduria type 1. Metabolic stress (induced by HIV) is also associated with a decrease in glucose levels. 67 Elevated levels of adipic acid could be an indication of the development of a sugar disorder in infected patients. Oxidative phosphorylation is a process which primarily takes place in mitochondria. During this process, carbon fuels are oxidized to yield energy with a subsequent transfer of electrons from nicotinamide adenine dinucleotide dehydrogenase (NADH) or flavin adenine dinucleotide dehydrogenase (FADH 2 ) to oxygen (O 2 ) which ultimately causes a proton gradient to develop and the phosphorylation of adenosine diphosphate (ADP) to ATP. When there is defective oxidative phosphorylation, as a compensatory mechanism, ATP is instead produced by the action of neurotransmitter molecules (such as tyramine), 68, 69 this coincides with the increased energy requirement of the infected cells. Tyramine is derived from the amino acid tyrosine and acts as a neurotransmitter being associated with a sudden rise in blood pressure.
Quinolinic acid is a tryptophan metabolite and was increased during SIV infection. 54 This molecule is generally raised during chronic inflammation and neurodegeneration. It has been shown to be involved in neurodegenerative processes of the brain during AIDS, to induce lipid peroxidation, free radical production and cell death. 70, 71 HIV infection causes activation of the immune system and induces apoptosis. During the apoptotic process there is a subsequent rise in reactive oxygen species (ROS) which places the host under oxidative stress. ROS are involved in metabolic regulation 72 and are of relevance since HIV makes use of the host biosynthetic machinery to survive. Oxidative stress is therefore involved in the pathogenesis of HIV infection. Pyroglutamic acid, a known marker of oxidative stress impairs brain energy production and contributes to the development of neuro-pathologies. 29 HIV-associated neuro-complications usually present late during HIV infection. The detection of this molecule signals progression of HIV to AIDS.
Based on the detection of oxidative stress (OS) markers, it would seem that the antioxidant levels of HIV positive biofluids are lowered as the disease progresses. These data were collected using standard biochemical techniques rather than metabonomics methodology. Experiments to specifically measure antioxidant capacity of infected biofluids using metabonomics methodology and/or using existing antioxidant capacity detection kits to provide complementary data for the same sample, could in addition to expanding the existing knowledge base, also serve a validation purpose. Fig. 1 is a simplified scheme of how HIV, oxidative stress, the metabolic and immune systems may be linked.
Why metabonomics for HIV infection?
HIV infection is characterized by four stages during which the infected individual presents different biochemical profiles. The changes that occur during these four stages of infection serve as an avenue for biomarker discovery. The virus also impacts on the metabolic signature of the host 32 altering several metabolites which in turn is reflected in the affected biochemical pathways. Metabonomics has the ability to non-invasively detect all metabolites in HIV-infected cells, tissues (lymph) or biofluids (e.g. serum) making the unbiased identification of potential molecular markers for HIV possible. Research to date has focused on proteins as biomarkers of HIV infection (Kanekar et al.
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) while the application of metabonomics has been geared towards
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View Article Online measuring the influence of HAART in HIV infected individuals. Linking specific drug regimens to metabolic complications involving multiple metabolites and the quantification of HIV affected metabolites is largely un-investigated 9 but could also be successfully explored through metabonomics because of the nature of the methodologies involved (NMR primarily detects multiple low molecular weight metabolites while MS detects all molecular weights present in a sample). The complexity of metabonomic data is interpreted through chemometrics (the statistical analysis of biological data). Pattern recognition statistics approaches are used to reduce the complex datasets obtained. This is achieved by identifying spectral differences and molecules which differ significantly between groups. Examples of statistical methods include but are not limited to; principle component analysis (PCA), linear discriminant analysis (LDA) and analysis of variance (ANOVA). Validation of these statistical approaches (in relation to HIV metabonomics) is not always done but is important for confirming the reliability and fit of a new external data set to the predicted model.
The choice of sample to use for metabonomic investigations is largely dependent on the biological question being addressed and the available instrumentation. Samples are also chosen according to their ease of access. Those that can be obtained non-invasively are usually the first choice and are most often chosen in such a way as to represent the in vivo state of the individual. Homogeneity of samples is also of paramount importance in human metabonomic studies. This is because; differences in diet, gender, lifestyle, age and genetic factors can influence the metabolome. It is therefore advisable to match (e.g. in terms of age, gender etc.) control samples to diseased samples and to analyse a large number of samples in order to detect biologically relevant sample clustering.
The biofluids mainly used for HIV metabonomics studies include; serum, whole blood, plasma, saliva, cells and urine. These samples are used because HIV infects blood-borne immune cells and the biofluids bathing these immune cells, contain metabolites which can reflect responses to the virus. To investigate the metabolic profile of these samples, various metabonomics approaches involving NMR and MS have been utilized e.g.
1 H-NMR, gas chromatography (GC)-MS and liquid chromatography (LC)-MS. Fig. 2 is representative of a typical metabonomics workflow and incorporates some of the common sample types, techniques, data processing and statistical methods that have been applied specifically to HIV-infected biofluids, also including relevant references. As the final step in the workflow, altered metabolites and the associated metabolic pathways that are affected are considered. Both NMR and MS have distinct advantages and disadvantages. The major advantages of NMR include; its non-biased metabolite detection, quantitative nature, reproducibility and minimal sample preparation. The major disadvantage however, is its low sensitivity. In addition, NMR metabonomic analysis of biofluids requires sophisticated approaches for the suppression of the water resonance. MS on the other hand is highly sensitive, allows high separation efficiency, high spectral resolution and provides information that aids in the elucidation and identification of unknown compounds. In contrast, the major disadvantages of MS are sample destruction and multiple sample preparation steps. In relation to HIV/AIDS, the use of each technique separately or in combination allows an untargeted holistic study of the metabolites affected by the virus and/ or its treatment, as opposed to classical biochemical methods that focus on predefined metabolites. As far as data detection is concerned, every peak on a mass spectrum represents a metabolite while a proton NMR spectrum presents many peaks per Tables 1 and 2 ) and presented with common chemometric choices and metabolites deemed to be affected. The tables are discussed (in detail) in the following sections.
NMR-based metabonomics of HIV-infected biofluid
NMR spectroscopy's routine application in the identification and quantification of chemical compounds is now being expanded upon by its use in metabonomics. Hewer et al. (2006) were the first to demonstrate that a distinction could be made between HIV-1 positive sera from patients on antiretroviral treatment (ART), HIV-1 positive sera naive of ART and HIV-1 negative sera based on the NMR metabolic profiles. These findings revealed significant dissimilarity (p o 0.01) in NMR spectral regions representing lipids, glucose and amino acids. Changes in lipids and glucose are known to be linked to the ART-associated disorders of lipodystrophy, 6, 28, 33 hyperlipidaemia 34, 35 and hyperglycemia. 36, 37 Classification of the samples into three separate groups was therefore possible with a 95.2% correct classification using LDA. 38 These results were later substantiated by Philippeos et al., 39 in a subsequent NMR metabonomics investigation using 300-and 600-(mega hertz) MHz NMR instruments and multinomial logistic regression (MLR) for data processing. 39 Chemical shifts corresponding to glucose, lipids and amino acids again showed significant differences (p o 0.05) when spectra of infected and uninfected individuals were compared. In addition, significant differences (p o 0.05) in glycerol and choline (which has a possible role in the AIDS dementia complex) were also detected. The authors concluded that the detection of choline required further investigation and verification by, among others, quantifying the choline concentrations and confirming related clinical evidence in the patients concerned.
In one Multicenter AIDS Cohort study (N = 1072), Riddler and co-workers 40 sought to measure the distribution of lipoprotein subclasses among three different groups of men along with examining the effects of antiretroviral therapy. HIV positive men on treatment showed increased very low density lipoprotein particles (VLDL-p) and (small) LDL-particles with lowered (large) LDL-p and high density lipoprotein particle (HDL-p) as compared to HIV negative men. HIV positive treatment-naive men were associated with lower concentrations of both the (small) and (large) LDL-p as well as lowered HDL-p concentrations. 40 The authors' observations correspond to previously published work where the frequency of cardiovascular disease (CVD) in HIV infected patients on treatment appeared to be increased. 41 Reasons for this increase in CVD could be the increased lipid serum levels brought on by HIV 42 and/or its treatment. 41 In a study to characterize the lipid profile of an HIV-infected group, Swanson et al. 43 also found that protease inhibitor (PI)-containing treatment regimens had an association with greater (small) LDL-p concentration. 43 This association contributes to the consideration of HIV-infected patients at risk of coronary heart disease (CHD). In contrast, Duprez et al. 44 found that, neither VLDL-p nor LDL-p concentrations were associated with CVD. 44 In general it's clear that HIV infection and subsequent treatment interfere with lipid metabolism to increase the possibility of cardiovascular complications for the patients. Although some drugs (PI) can be linked to CHD, more View Article Online research is needed to determine the mechanism of action of other HIV treatments in relation to cardiovascular issues and other metabolic abnormalities. The application of metabonomics to HIV-associated neurological complications has also gained interest. 3 In their study, Maher et al. (2010) utilized NMR and MRS to identify metabolic correlations between HIV-infected blood plasma and CSF of the same individuals. Using both orthogonal projection to latent structures (OPLS) and statistical heterospectroscopy (SHY); the group observed high correlations for valine, glutamine, polyethylene glycol and lipids when comparing NMR data obtained from both blood plasma and CSF. 45 These observations support the use of blood plasma instead of the more invasive CSF for predicting neurological changes related to HIV/AIDS, using metabonomic techniques. The integration of NMR blood plasma and MRS scans however, revealed no significant correlation. 45 From the NMR-based investigations reported in Table 1 , it can be deduced that the pathway most affected by HIV-infection and/or treatment involves lipid metabolism which explains the increased cases of lipodystrophy and dyslipidemia among HIV-infected individuals. The most used biofluid tends to be serum, probably given its easy means of collection and special relevance in all HIV research. From Table 1 it is also apparent that the most common statistical methods used for NMR metabonomic data interpretation are ANOVA, LDA and regression analysis. No references could be found for the quantitation of HIV influenced/affected metabolites. Recommendations on 
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MS-based metabonomics of HIV-infected biofluid
Mass spectrometry is one of the most common techniques used for metabonomics investigations. In comparison to low molecular weight metabolites, proteins have been extensively investigated in the MS literature to investigate SIV and/or HIV's effect on the host proteome. [46] [47] [48] [49] [50] Another area where the technology has been applied includes the investigation of antiretroviral drug concentrations in infected individuals after drug administration. [51] [52] [53] Detecting and monitoring drug concentrations with MS allows for confirmation of compliance and yields information on the interactions of the various regimens within a system. MS has also been used to characterize virus and peptide structures as well as virus and protein interactions. 49 In addition to the limited publications on HIV biofluid MS metabonomics, a few studies where this technique is applied to the study of HIV/AIDS but the work is not strictly metabolite analysis are referenced here to highlight the contribution of these studies in furthering our understanding of HIV infection and its treatment. Employing a global MS metabolomics approach; Wikoff et al.
54
investigated the metabolic profile of CSF from SIV-infected monkeys before and after infection, with the aim of identifying biomarkers associated with neuroAIDS complications. The results indicated that the carnitines, acyl-carnitines, fatty acids and phospholipids were primarily elevated following SIV-induced encephalitis. The increase in fatty acids (e.g. palmitic acid) and lysophospholipids were associated with an increase in phospholipase activity and thus lipid breakdown processes. The authors also found that the detected metabolites had different structural and chemical characteristics. This led them to conclude that there was no single biochemical mechanism underlying the molecules' increase but that there was a biochemical relationship between these molecules through the fatty acid oxidation pathway. The metabolites detected by Wikoff et al. 54 include; stearic acid, vaccenic acid and arachidonic acid. These metabolites are constituents of phospholipids. Vaccenic acid is a structural component of the cardiolipins (bisphosphatidyl glycerol), which are important components of the inner mitochondrial membrane. Vaccenic acid increases in individuals with mental disorders and suggests neurological complications to be associated with HIV infection. Arachidonic acid is a membrane glycerophospholipid and serves as a substrate for phospholipase A2 (PLA2, 62 ). Adequate levels of this metabolite are usually required for proper neurological function. A disruption in arachidonic acid metabolism is thus associated with neurological dysfunction.
A poster presentation by Cassol et al. 55 reported on the metabolomic investigation of plasma from HIV-infected individuals receiving ART. In their study, the authors wanted to illustrate that ''omics''-based technologies i.e. liquid and gas chromatography MS can inform on mechanisms regulating immune reconstitution and inflammation following ART administration. Changes in carbohydrate, lipid and amino acid metabolism were primarily detected. Krebs cycle intermediates were especially elevated. Several molecules having a role in neutrophil recruitment, natural killer cell activity and complement-mediated killing were decreased, suggesting a dysregulation in immune function. Using metabolomics the authors were able to demonstrate that multiple metabolic pathways were affected in HIV-infected individuals undergoing therapy. Insight into ART-induced metabolic abnormalities was therefore gained and associations between metabolites and immune molecules which regulate the immune response and inflammatory cytokine production revealed.
Given that some cells infected by HIV are long-lived (e.g. macrophage cell line) compared to others (primary CD4 cells); Hollenbaugh et al. 56 employed a metabolomics approach using LC-MS/MS to show virus-induced metabolic changes in these cell types and that the detected metabolic profiles for the cell types differed. The primary CD4 T cells that had been infected with HIV in vitro, reflected an increase in glucose uptake and produced an increase in glycolytic metabolites whilst the chronically infected macrophage cell line demonstrated the opposite. The authors thus concluded a difference in energy requirements for these cell types. Generally, cell lines have a greater energy requirement than primary cells; however, the Hollenbaugh study 56 demonstrated the opposite. A possible explanation is that the chronically infected macrophage cell line having been continuously passaged perhaps experienced a loss in cell viability or cell growth patterns over time. The cells harbouring HIV were depleted in number causing the virus' survival rate to decline. It is known that the virus makes use of the host machinery to produce new viral particles and sustains its survival. This host cell and virus decrease would imply that less energy was required for the survival of the pathogen. The cell line therefore took up less of the energy precursor namely; glucose and halted glycolytic processes. Metabolites of the pentose phosphate pathway, the Krebs cycle and several UDP-sugars were also affected as well as nucleoside triphosphate pools and oxidation phosphorylation ratios. In addition to the metabolomic investigations performed on CSF and blood-derived products as described above, Ghannoum et al. 57 showed metabolomics to be capable of characterizing the oral metabolome of treatment naive and treatment experienced HIV-infected patients. Mouth wash samples were collected, solvent extraction performed and the extracts analysed using both GC and LC-MS. The authors found a greater amount of metabolic alterations in treated compared to untreated patients. Metabolites having a role in amino acid metabolism were mostly elevated whilst metabolites linked to carbohydrate metabolism were mainly lowered. The elevated phenylalanine:tyrosine ratio in treatment naive patients was found by the authors to be potentially of use for monitoring immune status and therapy compliance. Whilst the above-mentioned investigations were mainly untargeted (entire metabolome analysed), Williams et al. a targeted GC-MS metabonomics approach to characterize for the first time, organic acid changes in the serum of treatment naive patients. The organic acid metabolome was investigated because these metabolites are associated with mitochondrial dysfunction, a pathological consequence of HIV infection which was also confirmed through the detection of apoptosis 8 and cytokine production. 60 Organic acids having a role in mitochondrial metabolism, lipid metabolism and oxidative stress pathways were mostly elevated in infected patient sera. From the MS-based investigations summarized in Table 2 it is evident that LC-MS is the technique of choice and that solvent extraction was primarily used for isolating the metabolites. The data in Table 2 indicate that chronic HIV infections were investigated more frequently than SIV animal models. There was also a tendency to work with biofluids which are less of an infection risk and can be obtained in a less invasive manner than serum/plasma for example; urine and mouth wash samples (see Table 2 ). To identify differences in metabolite levels between uninfected individuals, treatment naive and treatment experienced patients, an array of statistical methods was used of which the t-test and multivariate classification tools were most common ( Table 2) .
Similar to the NMR investigations summarized in Table 1 , the MS investigations highlighted in Table 2 were relative rather than quantitative. Cells mainly experienced alterations in carbohydrate, lipid and amino acid metabolism. The findings that metabolites linked to carbohydrate and lipid metabolism were mainly affected (Tables 1 and 2 ) support the increased risk of diabetes mellitus, hyperlipidaemia and cardiovascular risk in HIV positive individuals whether treatment naive or treatment experienced. From Tables 1 and 2 it is clear that the virus affects metabolites which have roles in multiple pathways. This in turn explains the lack of identification of a single mechanism which induces metabolic change, an observation first made by Wikoff et al. 54 Based on the pathways highlighted in the two Tables, it appears that the virus not only causes metabolic abnormalities as a consequence of infection but that it also induces metabolic change as a means to sustain its continued multiplication. This is supported by the fact that HIV is parasitic and dependent on the host infrastructure for energy and macromolecular precursors. 32 Hollenbaugh et al. 56 observed that as the metabolic requirements of the virus increased, so did the number of affected metabolic pathways, further supporting the lack of a single mechanism responsible for inducing metabolic change.
Impact of metabolites on disease progression
To comment on whether the metabonomics detected metabolites identified thus far, can be implicated in disease progression one must correlate the metabolites with existing markers of AIDS; CD4 and viral load. Not all studies reviewed here can be compared to the same extent in this regard, because some analyses were on biofluids while others used supernatant of cells infected in vitro or chronically. Furthermore some studies were on SIV biofluids rather than HIV. Most importantly, not all studies provided information on viral load and CD4 count and when provided these values varied extensively. The most complicated aspect was the fact that most studies reported multiple metabolites associated with either viral load and others with CD4 count or at times both. Because the study design and focus differed, the metabolites detected mostly differed. When looking at the studies on an individual basis, it appears that some metabolites can be associated with viral load and others with CD4 count. In their study, Riddler et al. 40 demonstrated through CD4 cell count and viral load that most patients in this study were not defined as having AIDS and were therefore relatively healthy, with CD4 cell counts of above 600 cells per mm. 3 These authors therefore concluded that the majority of metabolites (organic acids) identified as being associated with HIV-induced mitochondrial damage was not associated with disease progression. The bigger problem for commenting on disease progression and associated metabolites is that the identified metabolites have not yet been quantified. Knowing metabolite levels (increase/decrease or disappearance) in the presence or absence of infection and correlating these to viral load and/or CD4 count will more specifically highlight the metabolite's importance. Pearson correlations (for example) between the metabolites, the viral load and CD4 counts will only be possible if quantitative information is available for all three variables.
Mass spectrometry data were able to identify metabolites more specifically than NMR, probably because of the nature of the analyses. NMR spectral regions can be linked to metabolites and pathways while MS can more easily identify metabolites specifically. The primary metabonomics methodologies (NMR and MS) did not detect exactly the same metabolites (so direct comparison across studies was not possible), possibly because of differences in experimental design and research approach. Also, the nature of NMR analysis means that there's overlap in some metabolite peaks, making it difficult to clearly distinguish certain metabolites (for example glutamine has resonance peaks near 2.14 ppm, 2.45 ppm and 3.78 ppm; the 3.78 ppm peak overlaps with peaks from both glutamate and glucose because of overlapping spectral regions). In NMR experiments, this is one of the areas where improvements in data collection (e.g. longer relaxation times) are under development and is also why metabolite validation is recommended. Quantitation of metabolites may also contribute in this instance, for clearly distinguishing different metabolites.
Concluding remarks
Global and targeted HIV/AIDS biofluid metabonomic studies using MS and/or NMR are possible and easily distinguish experimental groups (with the help of routine chemometric analysis).
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This distinction is based on multiple metabolites and metabolite groups rather than a single molecule. From the presented data it is clear that HIV mainly disrupts lipid and carbohydrate metabolism. This is not surprising since immune system cells depend on glucose as one of its primary fuel sources and HIV disrupts immune system function. There is also sufficient evidence suggesting HIV to be a stimulant of glycolysis. Alternatively, the activation of the glycolytic cycle could be a response mechanism by the cells to survive HIV infection. These opposing possibilities can be investigated through metabonomics approaches as has been done for cancer studies. Based on the review data in Tables 1 and 2 , it is not likely that a single metabolite (occurring in single or multiple pathways) will be detected as being responsible for HIV/AIDS induced metabolic change. Instead, the finding of synergistic molecules is more probable. This is in agreement with data from several studies including but not limited to Wikoff, 54 Cassol, 59 who suggested the use of multiple biomarkers to be more advantageous over a single marker because multiple markers could provide biological information on disease mechanisms. In many studies the identities of the molecules were not always validated (e.g. comparing spectral patterns in biofluids with those of standard solutions of commercially available samples of identified metabolites), neither were the statistical models used to distinguish between groups. Assigning particular metabolic changes to specific drug regimens using metabonomics also remains to be done. Homogeneity of samples for metabonomic experiments has to be maintained in order to rule out CD 4 count, viral load, age, gender and drug regimens as contributing to the detection of metabolic anomalies. On the other hand, CD4 counts and viral load can be linked to specific metabolite groups/pathways which allows for conclusions on specific pathways that can be linked to disease progression. To make these conclusions of greater value, metabolite quantitation is a necessity. With enough preliminary and proof of concept studies published, the next step must be to quantify metabolites instead of referring to relative changes in concentration occurring during HIV infection, disease and treatment. Continuing research is also needed in the validation of the methodology used for specific metabolite detection and linking specific drug classes with particular metabolic complications.
